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Abstract

We investigate the propagation dynamics of magneto-elastic waves in an out-of-plane (OP) magnetized film
using time-resolved magneto-optical (TRMO) microscopy based on the Cotton-Mouton effect. In OP
magnetized films, spin precession induces a temporal change in the in-plane component of magnetization
(m), which can be measured through birefringence induced by m, or the Cotton-Mouton effect (CME). Here
we develop an imaging method based on CME, realizing the observation of stress-driven magneto-elastic
waves in an OP magnetized film. This result expands the focus of TRMO microscopy, allowing investigation
of magneto-elastic waves in OP magnetized films.
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We investigate the propagation dynamics of magneto-elastic waves in an out-of-plane (OP) magnetized
ﬁlm using time-resolved magneto-optical (TRMO) microscopy based on the Cotton-Mouton eﬀect. In OP
magnetized ﬁlms, spin precession induces a temporal change in the in-plane component of magnetization
(m⊥ ), which can be measured through birefringence induced by m⊥ , or the Cotton-Mouton eﬀect (CME).
Here we develop an imaging method based on CME, realizing the observation of stress-driven magnetoelastic waves in an OP magnetized ﬁlm. This result expands the focus of TRMO microscopy, allowing
investigation of magneto-elastic waves in OP magnetized ﬁlms.
DOI: 10.1103/PhysRevApplied.11.061007

Recent development of time-resolved magneto-optical
(TRMO) imaging technology has enabled the direct investigation of laser-induced magnetization dynamics in magnetic ﬁlms with subpicosecond temporal resolution and
micrometer spatial resolution [1–4]. This technique allows
the direct observation of directional control of spin-wave
propagation [5] and the reconstruction of spin-wave dispersions [6,7]. With the TRMO imaging, propagation
dynamics and dispersion relation of spin waves has been
investigated as one of the key elements in developing
spin-wave-based devices [8–14].
In the presence of magnetization and elastic strain
coupling, a laser-induced elastic wave can excite magnetization dynamics. Such a coupled wave is called a magnetoelastic wave [7,15–18]. The propagation dynamics of
magneto-elastic waves depends on the excitation mechanism driven by laser irradiation [19,20]. Here, the excitation mechanisms include impulsive stimulated Raman
scattering (ISRS) [3], inverse Faraday eﬀects (IFEs) [5,
21,22], photoinduced demagnetization, and photoinduced
change in the magnetic anisotropy [6,23]. Previous experimental researches on the laser-induced excitation of
magneto-elastic waves have been carried out on inplane (IP) magnetized ﬁlms, where ISRS and photoinduced demagnetization dominantly excite magneto-elastic
waves.

*

hioki.kinken@imr.tohoku.ac.jp

2331-7019/19/11(6)/061007(5)

In this study, we investigate magnetization dynamics
in an out-of-plane (OP) magnetized ﬁlm by developing a
spatio-temporal imaging method using the Cotton-Mouton
eﬀect (CME) sensitive to m⊥ . In an OP magnetized ﬁlm,
the contribution of photoinduced demagnetization and IFE
of which eﬀective ﬁelds are parallel to the magnetization
of the ﬁlm is suppressed. Through systematic measurements with changing incident-light polarization and magnetic ﬁeld, we extract the contributions of the CME from
the obtained magneto-optical (MO) images and observe
stress-driven magneto-elastic waves in an OP magnetized
ﬁlm. The result expands the focus of TRMO imaging
towards OP magnetized ﬁlms, allowing the investigation
of magnetization dynamics excited by laser-induced stress.
We use a Bi-doped lutetium-iron-garnet (LuIG) ﬁlm
grown on a [001] gadolinium-gallium-garnet (GGG) substrate. Temporal images of the Cotton-Mouton eﬀect are
obtained by a pump and probe technique and a rotating
analyzer method using a CCD camera (Fig. 1) [1]. We use
a 100-fs-duration pulsed-light source with a central wavelength of 800 nm and a 1-kHz repetition frequency. The
beam was split into pump and probe beams. The central
wavelength of the probe beam is tuned to 630 nm with an
optical parametric ampliﬁer. The pump beam is linearly
polarized along the z axis and focused on the sample surface with a radius of 2 μm. The probe beam is linearly
polarized along the eφ , deﬁned in Fig. 1, with a GlanTaylor prism and is then weakly focused on the sample
surface. The polarization direction of φ = 0 is parallel to
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FIG. 1. Schematic illustration of the experimental setup. The
pump beam is focused on the sample surface to excite magnetization dynamics. A probe beam is polarized along eφ and weakly
focused on the sample. The ellipticity of the transmitted probe
beam reﬂects the magnetization component perpendicular to the
light axis (m⊥ ). The ellipticity is converted into a rotation angle
by a quarter waveplate, and then observed by a rotating analyzer
method using a CCD camera [1]. The left top panel shows the
magnetic ﬁeld dependence of the Faraday rotation angle of the
sample.

the vertical axis of the ﬁeld of view. The transmitted probe
beam is expanded with an objective lens with a magniﬁcation of ×20 and then introduced to a MO imaging
system. The magneto-optical imaging system is composed
of a quarter waveplate, an analyzer mounted on a rotation
stage, an imaging lens, and a CCD camera. In this setup,
obtained images reﬂect the ellipticity of the transmitted
probe beam. The quarter waveplate is used to transform
the light ellipticity into the rotation angle of the polarization plane of the light. The magnetization dynamics
induced by the pump beam is observed by taking the difference between two images observed with and without
the irradiation of the pump beam. The light ellipticity may
originate from magnetic circular dichroism (MCD) as well
as CME. These two components can be distinguished in
terms of their dependence on the probe-beam polarization,
since CME depends on the direction of eφ , while MCD is
independent of eφ .
In this work, we present results from two types of
experiments. One is from static measurements of domains
magnetized in diﬀerent directions. The other is on a timeresolved measurements on an OP magnetized ﬁlm. In
the magnetic domain measurement, no external magnetic
ﬁeld is applied and the pump beam did not illuminate the
sample. In the time-resolved measurement, we apply an
out-of-plane magnetic ﬁeld of 3.2 kOe to align M parallel
to the sample surface normal. Note that under the magnetic
ﬁeld of 3.2 kOe applied in this experiment, magnetization
is saturated. The inset to Fig. 1 shows the magnetic ﬁeld
dependence of M along the light-beam axis obtained via
the Faraday eﬀect. Magnetization dynamics excited by the

illuminating pump beam is observed. The temporal change
in m⊥ is obtained by scanning the time delay between the
pump and probe pulses from −1.0 ns to −13.0 ns with an
increment of 0.1 ns. The origin of the time delay is deﬁned
as the time when pump and probe pulses illuminate the
sample simultaneously.
Let us ﬁrst show a static magneto-optical image of magnetic domains observed through CME in Fig. 2(a). The
color in the ﬁgure indicates the light ellipticity deﬁned in
the color code. The sign of the light ellipticity is deﬁned as
plus (minus) for a right- (left-)handed elliptically polarized
light. The polarization vector of the incident light is 10◦
tilted from the z axis (φ = 10◦ ), where the signal intensity
is maximum. We see a clear contrast between two domains
with diﬀerent magnetization orientations, as shown in
Fig. 2(a). Figure 2(b) shows the ellipticity for each domain
as a function of the orientation of the probe-beam polarization (φ). The obtained signals of the ellipticity for the
domains L and R are diﬀerent but the periodicity of the
signal is the same with respect to φ. This φ dependence of
the light ellipticity conﬁrms the dominant contribution of
the CME.
The φ dependence of the light ellipticity, shown in
Fig. 2(b), is explained by the following model. The CME
is birefringence caused by the diﬀerence in the refraction index of the light polarized parallel and perpendicular
to the magnetization. This induces the phase diﬀerence
between beams with orthogonal polarizations, and results
in the elliptically polarized light [24]. The electric ﬁeld

(a)

(b)

FIG. 2. (a) Static magneto-optical image for magnetic domains
with diﬀerent magnetization orientations. The image is obtained
with a probe beam with φ = 10◦ . The arrows indicate the orientation of M in each domain. (b) The probe-beam polarization
dependence of the light ellipticity. Red (blue) ﬁlled circles represent the data obtained from domain L (R) deﬁned in Fig. 2(a).
The solid curves are the ﬁtting results for the φ dependence
of the light ellipticity obtained by using Eq. (1). We take the
average of the signals obtained in each domain to improve the
signal-to-noise ratio.
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vector of the transmitted probe beam is written as


Eout = E0 eiω(N ζ /c) e−iδ/2 cos φ0 x + eiδ/2 sin φ0 z ,

(1)

where ω, c, N , ζ , δ, φ0 are the frequency of the transmitted
light, the speed of light, the refraction index, the optical
path length, the retardation induced by CME, the relative
angle between m⊥ and the polarization vector eφ , respectively. The light ellipticity is deﬁned as the ratio between
the intensities of the electric ﬁeld along two principal
axes. Consequently, the ellipticity of the transmitted light
is calculated as

1 − 1 + sin2 2φ0 sin2 δ

ηCME =
sign [sin 2φ0 ] . (2)
1 + 1 + sin2 2φ0 sin2 δ
The solid curves in Fig. 2(b) show least-squares ﬁtting
for the light ellipticity with Eq. (2). The dominant contribution of the CME in the obtained images is conﬁrmed
by the calculated curves, showing good agreement with
the experimental data. Two curves overlap when either of
them is shifted by 90◦ , which reveals that the directions of
magnetization in the domains L and R are normal to each
other.
Next, we show the spatio-temporal images of optically
excited magnetization dynamics. Figure 3(a) shows the
images obtained at the time delay of 5.6 ns with diﬀerent probe-beam polarization, indicated by the red arrows
in each panel. We deﬁne ϑ as the clockwise angle from the
z axis, as shown in Fig. 3(a). We notice that these signals
exhibit twofold rotational symmetry and their magnitude is
zero along eφ or along its normal.
The contribution of CME is conﬁrmed again by the
clear φ dependence of the signal. Figure 3(b) shows the
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φ dependence of the light ellipticity at point P (ϑ = 40◦ ).
Data are consistent with Eq. (2), which demonstrates that
the obtained data corresponds to the in-plane precession
component of M(m⊥ ) in the OP magnetized ﬁlm. This
analysis also clariﬁes that MCD, independent of eφ , is negligibly small in these experiments. In addition, we can not
see any waves in the Faraday rotation image, reﬂecting the
change in the magnetization in OP orientation as shown in
Fig. 3(c). This reveals that the change in m// is negligibly
small in the experiments.
The signal observed through CME is attributed to the
change in m⊥ induced by the magneto-elastic coupling.
Magneto-elastic coupling is the coupling between magnetization and elastic strain with a ﬁnite wave number [15,
16,25,26]. The eﬀective ﬁeld resulting from magneto-elatic
coupling is written as follows:
Heﬀ
mec =

(c)

(3)

where λ, k, M0 , ρ0 , ur (k), δθ , M0 , ek are the gyromagnetic ratio, the volume-magnetostriction constant, wave
number, saturation magnetization, mass density, the lattice displacement in the radial orientation, small deviation
angle between the surface normal and the light axis, saturation magnetization, and the unit vector parallel to the
wavevector, respectively. The consequent change in the
radial and azimuth orientation components of the magnetization ( m⊥r and m⊥φ ) with inﬁnitesimal time t can
be obtained from an equation of motion of lattice and spin
systems with magneto-elastic coupling. m⊥r and m⊥φ
are written as [3,15,25]
m⊥r = 0,

m⊥φ =

γ M02 λk
ur (k)δθ t,
2ρ0

(4)

FIG. 3. (a) Time-resolved magnetooptical images obtained by the probe
beams with diﬀerent polarization angles
φ. (φ = 72◦ , 49◦ , −16◦ in the left, middle,
and right panel, respectively.) The color
indicates the ellipticity deﬁned in the color
code. The center parts of each image are
hidden to improve visibility. (b) The φ dependence of the ellipticity at point P deﬁned in
Fig. 3(a). The solid curve is a ﬁtting result.
(c) Time-resolved magneto-optical image
observed through the Faraday eﬀect. (d) A
spin-wave tomography spectrum obtained
from the spatio-temporally-resolved images.
To improve the signal-to-noise ratio, the
spectrum is averaged over 0 ≤ ϑ < 360◦ .
The white dotted line represents the linear
dispersion of the longitudinal mode of elastic
waves.

(a)

(b)

M0 λk
δθ ur ek ,
2ρ0

(d)
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where γ is the gyromagnetic ratio. Detail derivation of
Eq. (4) is provided within the Supplemental Material [27].
Therefore, m⊥ on the wavefront of the magneto-elastic
waves is perpendicular to its wavevector. Following to Eq.
(4), the signal disappears when k is perpendicular (parallel)
to eφ because magnetization orientation is parallel (perpendicular) to polarization, consistent with the obtained
results.
In Fig. 3(d), we show a spin-wave tomography [6]
spectrum, obtained by analyzing a series of time-resolved
magneto-optical images with the model based on Fourier
transform. The spin-wave tomography spectrum reﬂects
magnetization dynamics deﬁned as
mi (k, ω) = χijR (k, ω) · Hj (k, ω),


γ M0 ω2 + ωs (H )2
ωs (H )2 − ω2 − ωs (H )γ M0
×

M0 λk
δθ ur (k),
2ρ0

(b)

(c)

(5)

where mi (k, ω) = F [mi (r, t)], χijR (k, ω) = F [χijR (r, t)],
Hj (k, ω) = F [Hj (r, t)] are a magnetization, a retarded susceptibility tensor, and an eﬀective magnetic ﬁeld acting
on local magnetization, respectively, with F denoting the
Fourier transform. k and ω are the wavevector and the
frequency of the observed waves, respectively. The vector index i represents the in-plane component (i = x, z)
because CME is sensitive to m⊥ . In Fig. 3(d), we can
see a spectral peak along the dashed line, representing
the velocity of the wave ω/k  6.5 km/s. This velocity is
consistent with that of the longitudinal mode of magnetoelastic waves in Bi-doped LuIG [6]. Therefore, we attribute
the peak showing the linear dispersion in the spectrum to
magneto-elastic waves.
In order to conﬁrm that the signal originates not from
pure elastic waves but from coupled magneto-elastic
waves, in Fig. 4(a), we show spin-wave tomography spectra at diﬀerent magnetic ﬁelds. We ﬁnd strong magnetic
ﬁeld dependence in the spectrum, showing the magnetic
nature in the signal. We model the intensity of the spectrum Im by using a linearlized equation of motion for the
coupled lattice and spin system [15,25,26].
Im =

(a)

λλ44
2ρ0 (λ + λ44 )
(6)

where ω, ωs (H ), λ, λ44 are the frequency of the longitudinal mode of magneto-elastic waves, the frequency of spin
waves, the compressive- and shear-magnetostriction constant, respectively. Detail derivation of Eq. (6) is provided
within the Supplemental Material [27]. The intensity of the
spectrum decreases when the frequency of elastic waves
and spin waves are diﬀerent at the same wave number.
Therefore, spectrum intensity, decreases as magnetic ﬁeld
due to the Zeeman energy, which is observed in Fig. 4(a).

FIG. 4. (a) Spin-wave tomography spectra obtained at diﬀerent
magnetic ﬁelds. (b) Intensity of magneto-elastic waves integrated
along the line satisfying ω = vL k, where vL is the velocity of
longitudinal elastic waves. (c) Precession amplitude factor Im
obtained by assuming Gaussian functions for the pump intensity
at the focus [ur (k)] with a radius of 4.8 × 103 (rad/cm).

Figure 4(b) shows the integrated intensity of the spinwave tomography spectrum shown in Fig. 4(a) satisfying
k < 1.0×104 (rad/cm) along the linear dispersion relation.
The signal near k = 0, reﬂecting the background noise of
the images, is excluded. The integrated intensity decreases
with external magnetic ﬁeld. In Fig. 4(c), we plot Im at
diﬀerent magnetic ﬁelds assuming that the pump intensity
ur (k) is a Gaussian function [7]. The peak intensity of the
plot decreases with magnetic ﬁeld due to the increasing differences in the frequency of spin waves and elastic waves.
The solid curve in Fig. 4(b) shows the ﬁeld dependence of
the integrated precession amplitude obtained from Eq. (6).
The clear magnetic ﬁeld dependence of the signal intensity and the agreement with the theory conﬁrms that the
signal originates not from pure elastic waves but from the
longitudinal mode of magneto-elastic waves.
In summary, we perform time-resolved magneto-optical
imaging of the in-plane components of magnetization in
a Bi-doped garnet ﬁlm through the Cotton-Mouton eﬀect.
The CME is observed by a rotation analyzer method using
a quarter-wave plate, which converts light ellipticity into
a rotation angle reﬂecting the ellipticity of the transmitted light. We carry out static magneto-optical imaging of
magnetic domains separated by a 90◦ domain wall in an inplane magnetized ﬁlm and time-resolved magneto-optical
imaging for optically excited magnetization dynamics in
an out-of-plane magnetized ﬁlm. We observe propagation
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dynamcis of stress-driven magneto-elastic waves in an
out-of-plane magnetized ﬁlm, taking advantage of CME.
[12]
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